The genus Atalantia Correa is represented in India with four species and two varieties. The infra -generic classification and the species limits in Atalantia are, however, not well defined, due to the occurrence of intermediate forms. Two species, A. racemosa Wight and A. monophylla (L.) DC., are widely distributed, while the third species, A. wightii Tanaka is endemic in the Western Ghats, a well-known biodiversity hotspot. PCR-based methods have been commonly used for the assessment of genetic diversity in plants. We report for the first time the genetic diversity within and between populations of the above three species using two Single Primer Amplification Reaction (SPAR) methods. AMOVA analysis clearly indicates the lesser diversity among the species than within them. The UPGMA tree included all of the doubtful species in one single sub-cluster within the major cluster of A. racemosa and A. wightii, suggesting that these are probably hybrids derived from these two species. At the population level, all A. monophylla populations grouped together in a cluster that was clearly separated from all other species and populations. 
INTRODUCTION
The genus Atalantia Correa (family Rutaceae) comprises of about 11 very closely related species occurring naturally in Indian mainland, the Andaman and Nicobar Islands, Sri Lanka, Myanmar, Thailand, Peninsular Malaya, North & South Vietnam, Laos, Cambodia, South China, Sumatra and Java (Swingle and Reece, 1967) . The plants are large spinous shrubs or small to medium trees resembling the Citrus fruit trees in general aspects, bearing white fragrant flowers and small globose fruits that look like diminutive greenish-yellow limes or oranges. The species are rich in flavonoids, essential oils and alkaloids that have medicinal properties, are useful in treatment for chronic rheumatism and paralysis, as an antidote to snake bite, as antibacterials and antifungals and even as an antifeedant activity against Spodoptera litura larvae (The Wealth of India , 2000; Kumar et al., 2009) .
Tanaka (Nair and Nayar, 1997) . Of these, Atalantia simplicifolia is an extremely rare species known so far only from a few sporadic collections made in N.E. India such as Cachar (Assam), Khasi hills (Meghalaya), Lushai hills (Mizoram) and Naga hills (Nagaland). The other three species have wider occurrence in the Western and Eastern Ghats of peninsular India and of these only Atalantia wightii is endemic to the Western Ghats. The infra generic resolution of the Atalantia species as well as the inter-species relationships have not been well understood. The species limits are also not well defined, presumably due to the occurrence of intermediate forms of two or more closely related species with sympatric distribution. Atalantia monophylla and A. racemosa are good examples to demonstrate the extent of morphological plasticity that these two species exhibit through out their natural range in Southern peninsular India. It is suspected that the frequent occurrence of intermediate forms of Atalantia monophylla and A. racemosa could be due to inter-specific hybridization (Stone, 1985) .
The Western Ghats (along with Sri Lanka) is identified as one of the 34 global biodiversity hotspots (Mittermeier et al., 2004) and includes several endemic or rare and threatened plants and animals. We have compared the genetic diversity within and between populations of species of Atalantia collected from different Western Ghat localities. Of the three species occurring in Western Ghats, two are widely distributed elsewhere in peninsular India also while the third species is endemic to the Western Ghats. Single Primer Amplification Reaction (SPAR) methods namely Directed Amplification of Minisatellite DNA (DAMD; Heath et al., 1993) , PCR for Inter-Simple Sequence Repeat regions (ISSR; Zietkiewicz et al., 1994) and Random Amplified Polymorphic DNA (RAPD; Welsh and McClelland 1990; Williams et al., 1990) are powerful and capable of resolving even individual-specific profiles. We have recently used such methods successfully for diversity analysis in mulberry, betel vine, papaya, mango, jatropha and pomegranate varieties (Bhattacharya and Ranade, 2001; Ranade and Farooqui, 2002; Verma et al., 2004; Bhattacharya et al., 2005; Saxena et al., 2005; Srivastava et al., 2007 Ranade et al., 2009; Narzary et al., 2009) . The RAPD profiles are due to several genomic regions while the DAMD profiles are mostly from the minisatellite-rich regions. Thus combining the data from two or more such methods we will have a comprehensive assessment of the diversity (Powell et al., 1996; Parsons et al., 1997) . Elsewhere, the SPAR methods (RAPD, ISSR-PCR, DAMD) have been used for population genetic and structure analysis in case of Changium smyrnioides Wolff. (Fu et al., 2003) , for assessment of genetic diversity of Ginkgo biloba L. populations (Fan et al., 2004) , for distinction between wild and cultivated enset gene pools (Birmeta et al., 2004) , for determining population structures in a tropical shrub, Erythroxylum havanense (Dominguez et al., 2005) and for determining the genetic structure of the endangered plants like Ammopiptanthus species , Neolitsea sericea and Monimopetalum chinense (Xie et al., 2005) . These references testify to the usefulness of the SPAR methods, especially RAPD, for population genetic analyses. In the present paper, we have used DAMD and RAPD together for the analysis of inter-as well as intra-species diversity in Atalantia species. In this paper we show the distribution of diversity amongst different populations of Atalantia species collected from W. Ghats in India using data generated by two SPAR methods from the same set of accessions and combined together for a comprehensive analysis followed by assessment of the population level diversity and its partitioning. Our results clearly indicate the lesser diversity among the species than within them.
MATERIALS AND METHODS

Plant material
The young non-senescing leaves were collected from plants of all the Atalantia accessions, from different locations ( Figure 1 , Table 1 ). In all cases, clean and healthy leaf tissue was stored as tissue paper wrapped packets over silica gel at room temperature.
Isolation of DNA
Total genomic DNAs from individual plants were isolated from the silica gel-dried leaf tissue with a DNeasy Plant Mini Kit (QIAGEN, USA) according to the instructions of the manufacturer. DNA concentrations were estimated by gel electrophoresis on 0.7 % agarose, staining with ethidium bromide, and comparison with a set of concentration standards.
SPAR primers
Four minisatellite core sequence primers for DAMD reactions were custom synthesized from Bangalore Genei, India. Decamers from kits U and M (procured from Qiagen Operon Technologies Inc., USA) were used as primers for RAPD reactions. Details of the primers used are given in Table 2 . a The optimum annealing temperature was determined after testing different temperatures 3-10 °C less than the denaturing temperature. For the DAMD primers, the denaturing temperature was calculated according to Berger & Kimmel 1987 by adding 2 °C for every A or T and 4 °C for every G or C in the primer sequence. b Primer OP-U14 profile includes a band corresponding to DNA fragment of ~900 bp that is present in all the Atalantia species accessions and is indicated in Figure 1 by small arrows on one of the lanes in each gel panel.
Amplification reactions
The SPAR with minisatellite core sequence primers was carried out essentially according to Zhou et al. (1997) except for primer M13 where the reactions were essentially according to Lorenz et al. (1995) , after first determining the optimum annealing temperatures in the range 40 °C to 55 °C. The SPAR for RAPD primers was carried out essentially following Williams et al. (1990) after first optimizing most of the PCR parameters (data not shown). All amplifications were carried out in Thermal Cycler (Model PTC-200 TM , M.J.Research Inc., USA) and the products were separated by electrophoresis through 1.2 % (in case of DAMD profiles) or 1.0 % (in case of RAPD profiles) agarose gels in 0.5X TBE buffer, visualized and imaged using Nighthawkä gel documentation system (pdi Inc., USA) after staining with ethidium bromide. Only distinct and well-separated bands were included in the analysis.
Data Analysis
Data (fragment sizes of all amplification products, estimated from the gel by comparison with low range DNA ruler (molecular weight marker, Bangalore Genei, India) were scored as discrete variables, using "1" to indicate presence and "0" to indicate absence of a band. A pair wise matrix of similarities between accessions was determined for the cumulative band data from the two methods using Jaccard coefficient (Jaccard, 1901) in the FREETREE program (ver. 0.9.1.5; Pavlicek et al. 1999) . These pair wise similarity data were used to generate a UPGMA (Unweighted Pair Group Method with Arithmetic Means) tree after allowing a 1000 replicate bootstrap test using the same program. The tree was viewed, annotated and printed using TREEVIEW (ver. 1.6.5; Page, 2001) . The robustness of the SPAR methods was tested in each case with a suitable nonAtalantia out group DNA, Murraya paniculata (L.) Jack. included in the analysis, and in all cases out group was resolved as distinct from the Atalantia DNAs.
Diversity assessment in groups of varieties
For this only the Atalantia accessions were considered in 14 populations based on the taxon identity as well as the locations where they were collected from and for the three species, the populations were grouped for the species concerned, and all other populations of unidentified accessions were considered together as a separate fourth group. Thus both, single population as well as grouped population, analyses were carried out based on the cumulative band data by both SPAR methods using the program POPGENE (ver. 1.32, Yeh et al., 1997 ) that allowed estimation of Nei's (1973) and Shannon-Weaver (1949) index of diversity. PCA analysis was carried out using the program GenAlEx (ver. 6.1, Peakall and Smouse 2006) . Finally AMOVA (Analysis of Molecular Variations) was performed with the program ARLEQUIN ver. 2.000 (Schneider et al., 2000) in order to determine the partitioning of SPAR profile variation within and between population groups.
RESULTS
The SPAR analysis (DAMD and RAPD) were carried out on Atalantia accessions after an initial optimization of the reaction conditions as well as thermocycler program based on the original references so as to ensure consistent and reproducible profiling (data not shown).
From all accessions between three and five DNA preparations were made and each of these were tested in PCR. However, amplification product data were scored only for those accessions where at least two out of three DNA preparations resulted in identical profiles with the same primer used in the reaction. Once these optimizations were completed, the different minisatellite core sequence primers for DAMD and the arbitrary sequence decamers from Qiagen-Operon kits U and M were tested with 4-5 template DNAs and here also only those primers resulting in profiles from 80 % or more of the accessions used were selected for the entire set of Atalantia accessions. By these selections we were finally able to generate scorable profiles from 64 accessions of three species of Atalantia and another Rutaceae plant, Murraya paniculata used as the out group plant with two DAMD primers and 11 of the RAPD primers and these data along with the polymorphism scored are given in Table 2 . A typical gel profile for one DAMD and two RAPD primers of the entire set of 64 accessions and out group is shown in Figure 2 a-c respectively. One RAPD primer, OP-U14 has revealed a ~900 bp amplification product that is present in all the 64 Atalantia accessions (Fig. 2b ) and may represent a potentially Atalantia-specific fragment that could be developed into a SCAR marker. No two accessions were identical in all SPAR profiles and this shows that all plants that were collected were unique and that they were not duplicates of other accessions. The agarose gel profile band data, scored cumulatively for both DAMD and RAPD methods together resulted in a matrix of 102 bands amongst the Atalantia accessions. The pair wise comparison of the band data resulted in a matrix of similarity coefficients (SI) in the range from 0.14 to 0.93 for the entire set of Atalantia Table 1 and are given to the right of each branch.
accessions (data not shown), indicating the presence of tremendous diversity amongst the individual accessions. Based on the SI values, the UPGMA tree given in Figure  3 was computed. The UPGMA tree was tested for its robustness with a 1000 replicate bootstrap and the tree consistently separated the out group plant Murraya paniculata from the Atalantia accessions. The cumulative band data was also used for the POPGENE, GenAlEx and ARLEQUIN analyses. The Table 3 includes the Nei and Shannon-Weaver indices of diversity and clearly shows that the Atalantia wightii accessions were the most diverse while the Atalantia racemosa accessions had the least diversity amongst the three identified species groups. However, the group of accessions with doubtful species status was also with low diversity indices. Individually within populations of the different species, the Pallivasal set of A. racemosa, the Maruthamalai set of A. monophylla, the Merchinston Estate set of A. wightii and the Kunjapanai set of Atalantia accessions with doubtful species identity were the most diverse. In all of these sets, the proportion of polymorphic bands was also higher than that in the other sets (data not shown). As an indicator of the diversity, inter-population identities were measured as Nei's Original as well as unbiased statistics (Table 4) while the inter-as well as intra-species identities were averaged and are given in Table 5 . This table clearly shows that the inter-species identities were less than the intra-species identities. But the range of identities (as an indicator of diversity) was greater at intra-species levels (0.66-0.97) than that at inter-species levels (0.55-0.82). The inter-population statistics were used to generate a tree depicting the relationship between the different populations (Figure 4 ). Here the three populations of A. racemosa and four of A. wightii grouped together in one major cluster that also included a sub-cluster of all four populations of the unidentified Atalantia accessions. The other major cluster included only the three populations of A. monophylla. PCA analysis was carried out using the program GenAlEx and the PCA figure for all accessions considered as 14 populations is given in Figure 5 . The PCA analysis clearly shows that the accessions from AMKU, AMMA, Fig. 4 . The inter-population analysis tree based on Nei's unbiased distances between the populations. The branches are identified by population names based on the locations and species identity of accessions as given in Table 1 . Table 1 and are indicated in the key panel to the right of the PCA. Coordinates 1 and 2 were based on the input cumulative band data for the SPAR methods. PCA analysis was done using GenAlEx program. and AMKY are close to each other. Similarly, the accessions from AWIG and ARLN also group together closely. The other accessions are more distributed in the PCA. The grouping of all the populations of A. monophylla in PCA also is consistent with the separate and distinct identity of this taxon when the UPGMA tree of the populations was plotted (Figure 4 ). The partitioning of genetic diversity in these accessions of Atalantia was mostly between individuals and individual populations for each species than within the species group itself as between the four groups (A. racemosa, A. monophylla, A. wightii and the unidentified Atalantia accessions), only about 22 % of the variation was measured (Table 6 ). This suggests that the existing demarcation of species is probably not comprehensive enough to lead to a clear distinction between them. This is actually consistent with the confusion in taxonomy of Atalantia species based on morphological analyses.
DISCUSSION
The taxonomy of the orange subfamily (Aurantioideae) in family Rutaceae has always been complicated and a challenging task for several reasons. Notably the sub tribes within the two tribes viz. Clauseneae and Citreae also have confusing taxonomic status primarily due to morphological plasticity and facile inter-generic and inter-species hybridizations amongst the taxa included in them. Recent studies have addressed the phylogeny and taxonomy of the tribe Citreae using molecular methods. Earlier phylogenetic analysis of the Aurantioideae, based on cp DNA sequence data, however, provided two contrasting views as to the phyletic origin and taxonomic alignments of the constituent genera included under this subfamily. For example, Chase et al. (1999) considered the Aurantiodeae as a well-defined group with monophyletic origin, whereas in a more recent study Morton et al. (2003) maintained that the tribes Citreae and Clauseneae and the five out of the six subtribes within these tribes were not monophyletic. Morton et al. (2003) , therefore, convincingly argued that a more comprehensive study on all the genera of the Aurantioideae using both the organellar as well as nuclear gene sequence data is needed to circumscribe and realign the exact taxonomic position and phyletic relationships among and between the genera, tribes and subtribes of the orange subfamily. Within the tribe Citreae, the genus Atalantia has been found to have a puzzling position in the phylogeny, since it grouped with another genus Severinia in all analysis of cp-DNA regions, even though this genus (Atalantia) also shared other molecular and botanical features with the genus Citrus (Araujo et al., 2003) . These and earlier studies based on isozymes (Herrero et al., 1996) have actually led to an inference of polyphyletic origin and evolution of Atalantia along with Citrus (Araujo et al., 2003) . We have also observed tremendous variations in morphological characters of collected Atalantia accessions so that nearly 25% of them could not be clearly identified at the species level. This was particularly true in localities where A. monophlylla, A. racemosa and A. wightii were growing in close proximities. We were, therefore, constrained to place (Fig. 3 ), all these unidentified accessions clustered together as a distinct group and further, the different populations included in this group were clustered along with populations of A. racemosa and A. wightii while the populations of A. monophylla were entirely separated in a different cluster (Fig. 4) . This suggests that the accessions with doubtful species identities are probably complex hybrids involving mostly A. wightii or A. racemosa. However, these unidentified putative hybrid accessions were not primary hybrids since these never clustered along with any of the putative parental species, namely, A. racemosa and A. wightii. The results also suggest that the unidentified accessions have seemingly diverged considerably subsequent to original primary hybridization event. This seems possible because we have frequently observed several plants with intermediate morphological characters especially in places, where the putative parental species are to be found in close proximity to each other in sufficiently large numbers, such as in Maruthamalai, Anakatti, Kunjapanai and Karayar in the Western Ghats. This is further supported by the results obtained from PCA analysis ( Figure 5 ). Our results suggest the relatedness of the suspected hybrids as above, because even in the UPGMA dendrogram for individual accessions (Fig 3) , the A. monophylla accessions were separated from those of the rest of the species. In order to determine whether accessions collected from any specific locality are more differentiated than the others, the grouping of populations was carried out on basis of only the locality of collection ( Fig. 1 ) and completely ignoring their taxonomic identification. Here all the accessions were included in 10 groups, namely, Lonavala, Pallivasal, Rosemala, Maruthmalai, Kunjapanai, Karayar, Indira Gandhi WLS, Aryankavu, Merchinston Estate and Anakatti. Analysis of these 10 groups showed that the accessions from Lonavala, Pallivasal, Indira Gandhi WLS, Aryankavu, Merchinston Estate and Anakatti exhibited low genetic differentiation while the highest differentiation was amongst the accessions from Karayar followed by Rosemala (data not shown). The intermediate nature and range of characters in these accessions that precluded clear identification of the species concerned and the results of the SPAR analysis show that considerably much more work with a comprehensive multi-character (molecular + morphological) survey of these accessions along with putative parents in situ in the natural habitats is required in order to confirm the hybridity of these accessions. Since this study has shown that the individual populations of the Atalantia species have greater variation, therefore, a proper circumscription of the different species of Atalantia will need to closely examine several populations. In general we have found greater diversity amongst the southern collections of the Atalantia accessions than from the northern regions of the Western Ghats. The different species are able to hybridize to each other in nature and they do not seem to be isolated by any mating barriers. However, more studies are required into the reproductive biology of these to ascertain specific post-and or premating barriers if any. Such natural inter-species hybridization not only makes their precise identification difficult but also explains why inter-species level variation is much lesser than the intra-species variation.
